Purpose: Nowadays, cancer is one of the most important causes of morbidity and mortality in the world. The ideal aim of radiotherapy is delivering a lethal radiation dose to tumor cells while minimizing radiation exposure to healthy tissues around the tumor. One way to increase the dose in the tumor cells is the use of high-atomic number nanoparticles as radiosensitizer agents in these cells. The aim of this in vitro study was investigating the radiosensitization enhancement potential of the dextran-coated iron oxide nanoparticles (IONPs) on HeLa and MCF-7 cell lines in irradiations with high-energy electron beams.
INTRODUCTION
Cancer is a major public health problem worldwide. In recent decades, cancer treatment methods such as radiation therapy have improved significantly. [1] The ideal aim of radiation therapy is to deliver a lethal dose of radiation to tumoral cells while the surrounding normal tissues have the least dose. Normal tissues have a certain dose tolerance level which applying dose more than it will lead to complications. [2, 3] One way of increasing the radiation dose in tumoral cells without exceeding the tolerance dose of normal tissues is the use of radiosensitizer agent in these cells. [4] For example, gold nanoparticles [5, 6] and other metal nanoparticles [7, 8] have been studied as radiosensitizer agents in radiobiological researches.
Based on former studies, it has been shown that the tumor vascularization system is heterogenous and week due to having high porosity, being spacious, and high leakage power. [9, 10] These facts cause the nanoparticles stream and pass through from the blood to the tumor cells and accumulate there; this is known as enhanced permeability and retention effect. [5] Different factors influence the entry of nanoparticles into the cancerous cells such as size and shape of nanoparticles. [11] Former studies [12] have shown that spherical nanoparticles with a diameter of about 50 nm have the greatest penetration into mammalian cells.
Metal nanoparticles have shown the most interest among the various nanoparticles due to their unique chemical and physical properties. [13] It has been reported that gold nanoparticles can increase the radiosensitivity of cancer cells when irradiated with kilovoltage photon beams. [4, 6, 14] In an in vitro study, [15] 1.9-nm gold nanoparticles accompany with 80 and 150 kilovoltage photons irradiations have shown a maximum dose enhancement factor (DEF) of 24.6. Both in vitro and in vivo studies [5, [16] [17] [18] have indicated that megavoltage energies of photons can increase the radiosensitivity using high-Z nanoparticles. In most of the former studies, irradiations have done by photon beams at different energies ranging from kilovoltage to megavoltage. [19] [20] [21] [22] However, there are few studies [5, 15] have focused on radiosensitization induced by nanoparticles in irradiations with electron beams at MeV energies. In an in vitro study, an enhancement in radiosensitivity of cervical cancerous cells was obtained using dextran-coated iron oxide nanoparticles (IONPs) under high-energy photon beams irradiation. [23] In the present study, the main purpose was investigating the radiosensitivity enhancement potential of these nanoparticles on HeLa and MCF-7 cell lines in irradiations with high-energy electron beams.
MATERIALS AND METHODS

Iron oxide nanoparticles
In this study, IONPs (Fe 3 O 4 ) were purchased from Nanolab, Inc., Tehran, Iran. Nanoparticles were suspended in distilled water (Sigma, UK) and filtered through a 0.22 µm filter (Orange Scientific, Braine-l'Alleud, Belgium) and stored at four °C as per manufacturer's instructions. Culture media was used to dilute the nanoparticles stock before use.
Cell culture
HeLa and MCF-7 cell lines were obtained from Pasteur Institute (Tehran, Iran). The cells were grown as a monolayer in T75 cm 2 BD Falcon™ cell culture flasks (Franklin Lakes, NJ, USA) and maintained at 37°C in 5% CO 2 humidified incubator. The cells were cultured using Dulbecco's modified Eagle's medium with 10% (v/v) heat-inactivated fetal bovine serum, 100U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich, MO, USA). When the cells grew to 80%-90% confluency, they were detached by trypsin enzyme and then plated (as 5000 cells/well) into 96-well plates and prepared for the main experiments.
Prussian blue staining
Prussian blue staining was performed to evaluate the internalization of the IONPs into the HeLa and MCF-7 cells at different concentrations (10, 40, and 80 µg/ml). A number of 5 × 10 4 (cells/well) cells of each cell lines were plated in six-well plates and incubated with various concentrations of the nanoparticles 2 days after plating. After 24-h incubation, the media was removed and each well were washed with phosphate buffer solution (phosphate-buffered saline [PBS], pH = 7.47 ± 0.1) three times and cells fixed for 30 min with PBS containing 4% formaldehyde. Then cells were washed twice with PBS and evaluated by Prussian blue staining. A ratio of 1:1 mixture of 4% potassium ferrocyanide (II) trihydrate (Sigma-Aldrich) and 4% HCl (Sigma-Aldrich) solution was added to each well, and the cells were incubated at room temperature. The entered IONPs into the cells were visualized as blue deposits using an Olympus BX50 light microscope (Olympus Optical Co., Tokyo, Japan).
Methylthiazoletetrazolium assay
The cytotoxicity effects of the nanoparticles with various concentrations on HeLa and MCF-7 cell lines were determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium method. The cells were plated into 96-well plates at a density of 5000 cells/well and in a volume of 200 µL and treated with the IONPs at various concentrations. After 24 h of incubating the cells with the nanoparticles at 37°C and 5% CO 2 incubator (Binder GmbH), 20 µl of a 5 mg/ml methylthiazoletetrazolium (MTT) solution was added to each well. After 3-h incubation, the medium was carefully aspirated and the purple formazan crystals were solubilized in 100 µl DMSO. The absorbance was determined using an ELISA plate reader (BioTek, ELX 800, USA) with a test and reference wavelengths of 570 and 630 nm, respectively. The MTT assays were done after 48 h of irradiation in radiosensitization enhancement studies for both of the cell lines. [6] Irradiation Irradiations of HeLa and MCF-7 cell lines were done using megavoltage electron beams (6 and 12 MeV) produced by a linear accelerator (ELEKTA, England) in the Radiation Oncology Department at the Imam Reza hospital (Kermanshah, Iran). The cells were cultured in 96-well plates and incubated for 24 h with dextran-coated IONPs at concentrations of 10, 40, and 80 µg/ml, then washed twice using PBS before irradiation. The cell culture plates were setup at the source-to-surface distance of 100 cm. Irradiations with 6 and 12 MeV electron beams energies and different radiation doses of 0, 2, 4, 6, and 8 Gy were conducted using a 14 cm 2 × 14 cm 2 electron applicator. Radiation dose rates of 6 MeV and 12 MeV electron beams were 4.0 and 4.7 Gy/min, respectively. 94% and 82%, respectively [ Figure 2 ]. Furthermore, according to this figure, all tested concentrations in this study did not have considerable cytotoxicity on HeLa and MCF-7 cells. In addition, it can be seen that cell viability of MCF-7 cells in low concentrations slightly is lower than HeLa cell's viability and the cell viability differences become significant at the concentration of 80 µg/ml (P = 0.038).
Radiosensitization enhancement by dextran-coated iron oxide nanoparticles
Radiosensitivity effect due to the presence of dextran-coated IONPs on HeLa and MCF-7 cells irradiated with 6 and 12 MeV electron energies is shown in Figure 3 . According to Figure 3a 
Statistical analysis
All experiments were performed at least three times and each experiment was done in triplicate. The cell survival values presented in the figures show the mean ± standard deviation. The cell survival values among different groups were compared using one-way analysis of variance (ANOVA), followed by Tukey's multiple comparison tests with a confidence interval of 95%. All statistical analyses were performed using SPSS (IBM Co., Chicago, USA) software version 16.
RESULTS
Prussian blue qualitative assay
The results of this assay indicated that IONPs at all concentrations (10, 40, and 80 µg/ml) could enter into the both of HeLa and MCF-7 cell lines. Figure 1 shows intracellular uptakes of IONPs using Prussian blue staining in both cells lines.
Cytotoxicity of dextran-coated iron oxide nanoparticle
Results of dextran-coated IONPs cytotoxicity at 10, 40, and 80 µg/ml concentrations on HeLa and MCF-7 cell lines (without irradiation) are shown (as mean ± standard deviation) in Figure 2 . The viability of HeLa and MCF-7 cell lines incubated for 24 h with the IONPs at high concentration (80 µg/ml) was In summary, the results showed a statistically significant difference in the percentage of cell survival (P < 0.05) of HeLa cells and MCF-7 cells between all groups in which the cells incubated with different concentration of the IONP S before irradiations and groups receiving only different radiation doses of 6 and 12 MeV electron beams. This enhancement in cell killing indicates the radiosensitivity enhancement induced by these nanoparticles in these cells.
Results generally revealed a more radiosensitization induced by the nanoparticles in MCF-7 cells compared to HeLa cells; so that cell killing in MCF-7 cells was averagely 7% more than it in HeL cells. Furthermore, significant differences were observed in radiosensitivity enhancement between 6 and 12 MeV electron beams irradiations; so that radiosensitization enhancement in 12 MeV irradiations was more than ones in 6 MeV.
DISCUSSION
In recent decades, the IONPs have been used by researchers in various fields such as targeted drug delivery, diagnostic magnetic resonance imaging, and hyperthermia due to their unique chemical and physical properties. One of the important steps toward the widespread usage of such nanoparticles in diagnostic and therapeutic fields is an assessment of the toxicity effect of these nanoparticles. Nanoparticles can damage the structure of DNA, and cell membranes result in death through oxidative stress and lipid peroxidation; [24] thus, they would be used in the development of effective methods to destroy tumors. [25] To evaluate the nanoparticle's toxicity, in vitro as well as in vivo studies have been conducted on different biological models. However, the cytotoxicity assessments in an in vitro condition are in more interest than in vivo due to the simplicity, low cost, and better control. In an in vitro study, the cytotoxicity of dextran-coated IONPs on porcine aortic endothelial cells was evaluated; the results showed that coated nanoparticles at concentrations of 0.1, 0.25, and 0.5 mg/ml were not toxic during 24-h incubation time. [26] The authors also expressed that the mechanism likely involved in causing cell cytotoxicity of IONPs is the reactive oxygen species (ROS) productions, and these ROS productions lead to cell death through damage to mitochondria. According to former studies, the cytotoxicity of nanoparticles depends on several factors such as size, concentration, incubation time of nanoparticles, and cell line. [27] [28] [29] For example, in one study, it was shown that dextran-coated IONPs at concentrations of 0.05, 0.1, and 0.5 mg/ml did not have considerable toxicity in HeLa cells; this is in agreement with our findings. [30] In another study, dextran-coated IONPs at concentrations up to 2 mg/ml were toxic for DU 145 cells. [31] Based on the study results, the cell's viability of HeLa and MCF-7 cell lines which incubated for 24 h with the IONPs at high concentration (80 µg/ml) decreased 6% and 12%, respectively.
Using electron beams with high energies in the presence of high-atomic number nanoparticles leads to not only secondary electrons, auger electrons, and delta rays but also a part of these high-energy electrons appears as bremsstrahlung due to coulomb interaction of electron and nuclei field. [32] Either electrons or photons disperse in the target volume and the absorption of them will increase due to the presence of high-Z IONPs, eventually resulting in more cell killing. In most of the former studies about the radiosensitization induction by high-Z nanoparticles, irradiations have been done by photon beams at different energies ranging from kilovoltage to megavoltage. [19] [20] [21] [22] However, there are few studies [5, 15] have focused on radiosensitization induced by nanoparticles in the irradiation of MeV-energy of electron beams; the nearly same energy of electron beams have been used, and the remarkable different levels of radiosensitization enhancement have been reported in these studies. For example, in an in vitro study [15] combination if 1-mM gold nanoparticles with 6, 12 MeV electron beam irradiations led to DEF of 4, 4.1, respectively. In another study, [5] sensitization enhancement ratio values of 1.04 and 1.35 were obtained for MDA-MB 231 cells under 6 and 16 MeV electron irradiations.
In an in vitro study, the average of DEF in MDA-MB 231 cells was obtained 1.35 in the presence of gold nanoparticles irradiated with 16 MeV electron beams at different doses of 2, 4, and 6 Gy. [5] Furthermore in that study, the average DEF in DU 145 cell line irradiated with 6 MeV electron beams was 1.12, that is, in agreement with our findings. In another in vivo study, it has been reported that using the gold nanoparticles (10 nM) in combination with single-dose clinical electron beams (6 MeV) on tumor-bearing mice can increase apoptotic potential; also its results showed that increasing apoptotic potential in tumors can be the main factor in radiosensitivity enhancement effect. [33] Rahman et al. obtained the average DEF of 4 and 4.1 for bovine aortic endothelial cell line irradiated with 6 and 12 MeV, respectively, the reported values are much more than values which obtained in this study. [15] The differences would arise from the difference in cell lines and nanoparticles specifications including concentration, size, and type. However, the gold nanoparticles have been mostly used in the literature, IONPs have good specifications including biocompatibility, stability, and easy preparation; [34] also, less cost of preparation than the gold nanoparticles and having a more atomic number than soft tissue had made them suitable for the diagnosis and treatment applications. [31] In brief, due to the relatively simple synthesis and unique properties of IONPs, there is a promising future for these nanoparticles, especially in biological studies. Since one of the major problems in the clinical use of these nanoparticles is the nanoparticle's toxicity; therefore, it is recommended to perform a further in vivo study for investigating the toxicity and also the radiosensitization level of such surface-modified IONPs.
Using the dextran-coated IONPs in the presence of megavoltage electron beams irradiations can increase the radiosensitivity of HeLa and MCF-7 cancerous cell lines. If these nanoparticles can be selectively accumulated within the tomoral cells, they can improve the efficiency of radiotherapy by reducing the required lethal dose; also it can be resulted in dose reduction to the healthy tissue surrounding the tumor.
